Supercritical Fluid Extraction (SFE) is emerging as a powerful technique in the extraction of metal ions. In the present study, the extraction of nitrates of uranium and thorium in their solid form was carried out using supercritical carbon dioxide (Sc-CO 2 ) modified with various organophosphorous compounds such as dialkylalkyl phosphonates, trialkyl phosphates and trialkyl phosphine oxides in the presence of co-solvents such as methanol, dichlormethane and n-hexane. The influence of ligand and co-solvent on the extraction of the metal nitrates was studied in detail. These studies have established that co-solvent plays an important role in the extraction as well as fractionation of uranium and thorium nitrates. Polar co-solvent, methanol provided faster extraction without fractionation whereas the non-polar solvent, e.g. n-hexane provided some fractionation of metal nitrates though the extraction kinetics was slower.
Introduction
For the past one decade, there has been growing interest in the use of Supercritical Fluid Extraction (SFE) technique for the recovery of metal ions from various matrices and this technique is explored as an alternative to the well established conventional extraction methods. Supercritical fluids have physical properties between those of liquids and gases [1] . The combination of liquid-like densities and gas like properties of supercritical fluids re-sults in interesting analytical separations and provides a medium for various organic reactions. CO 2 is the most widely used supercritical fluid due to its moderate critical temperature and critical pressure; moreover, it is non-flammable, non-toxic, inexpensive and environmental friendly [1] . The most distinctive properties of the supercritical fluids are their enhanced mass transfer and variable density. The density of supercritical fluid can be fine tuned by varying the pressure and temperature [1] ; hence solvating power of carbon dioxide can be easily altered. Supercritical fluids offer faster, efficient and cleaner extraction as CO 2 escapes as gas after extraction leaving the solute in its pure form. SFE is attractive technique to the nuclear industry, where the replacement of organic solvents with Sc-CO 2 has the potential to minimize the generation of secondary liquid waste.
Supercritical carbon dioxide is an excellent candidate for the extraction of non-polar and moderately polar compounds. The extraction of polar compounds is generally carried out with Sc-CO 2 containing small quantities of organic solvent e.g. methanol as the co-solvent. The extraction of metal ions is accomplished by the addition of suitable ligand into Sc-CO 2 medium [2] - [4] . Addition of organic ligands results in the conversion of charged metal species into neutral metal complexes, which become quite soluble in Sc-CO 2 . Supercritical carbon dioxide (Sc-CO 2 ) containing chelating agents was employed for the extraction of metal ions such as transition metal ions, lanthanides and actinides [5] - [17] . Sc-CO 2 containing ligands such as diketones, fluorinated diketones and trin-butyl phosphate (TBP) was used for the recovery of actinides such as thorium, uranium, plutonium and americium. SFE technique was developed and demonstrated in our laboratory for the recovery of actinides from various matrices such as cellulose and polymer [12] - [17] .
In the present study, we have examined for the first time the use of dialkylalkyl phosphonates as complexing agents in supercritical medium for extraction of uranium and thorium nitrates. A series of dialkylalkyl phoshonates were synthesized in our laboratory and employed for the SFE studies. The role of co-solvents in the extraction of uranium and thorium nitrates in Sc-CO 2 medium was investigated. The extraction behaviour of phosphonates has been compared with trialkylphosphates, trialkyl phosphine oxides and octyl phenyl N,N-diisobutylcarbomylmethyl phosphine oxide (CMPO) and the results are discussed.
Experimental

SFE System
SFE system used in this study comprises of a carbon dioxide pump, a modifier co-solvent pump, a constant temperature oven (±1˚C) and an automatic back pressure regulator. Extraction vessels of 1 mL/10 mL capacity were employed for carrying out the experiments. The carbon dioxide used was >99% pure.
Reagents
The phosphonates were synthesised by Michaelis-Becker reaction [18] . The precursor for dialkylalkyl phosphonate based extractants is dialkylhydrogen phosphonate and was prepared by treating PCl 3 with corresponding alcohols; the same involves reaction of sodium with dialkylhydrogen phosphonate in n-hexane medium. The sodium salt of dialkylhydrogen phosphonate was subsequently treated with corresponding bromoalkane to yield dialkylalkyl phosphonates. For e.g. dibutylbutyl phosphonate (DBBP) was synthesized by reacting dibutylhydrogen phosphonate with sodium to yield sodium salt of dibutylhydrogen phosphonate; the sodium salt was subsequently treated with butyl bromide to obtain DBBP. A similar procedure was adopted for the synthesis of other linear and branched phosphonates. The products were vacuum distilled and characterized by CHNS, IR and NMR techniques. The ligands, tri-sec-butyl phosphate (TsBP) and octylphenyl N,N-diisobutylcarbomylmethylphosphine oxide (CMPO) were prepared in our laboratory and used for the SFE studies. The ligands tributyl phosphate (TBP, 99%, Alfa) and trioctylphosphine oxide (TOPO 99% Merck) were used as such without purification.
SFE of Uranium and Thorium Nitrates
Sc-CO 2 modified with various organophosphorus compounds such as TBP, TsBP, phosphonates, TOPO and CMPO was used for extraction of metal nitrates of uranium and thorium. The phosphonates employed for the extraction were, dibutylbutyl phosphonate (DBBP), diamylamyl phosphonate (DAAP), dibutylhexyl phosphonate (DBHeP), diamylhexyl phosphonate (DAHeP), di-iso-amylbutyl phosphonate (DiABP), di-iso-amylamyl phosphonate (DiAAP), and di-iso-amylhexyl phosphonate (DiAHeP). These ligands were dissolved in an appropriate co-solvent and mixed with Sc-CO 2 for the extraction of uranium and thorium nitrates. The solid metal nitrates were loaded on to a 1 mL extraction vessel, typically 0.2 mmol each and the extraction was carried out at a typical pressure of 300 bar and at a temperature of 45˚C with a Sc-CO 2 flow rate of 2.5 mL/min; co-solvent flow rate employed was 0.1 mL/min. The extracts were collected in a small volume of chloroform at regular intervals and the uranium and thorium were back stripped into the aqueous phase with 0.01 N HNO 3 . The un-extracted remains of salts after SFE were washed, collected in 0.01 N HNO 3 and analyzed for the uranium and thorium contents.
SFE of Uranyl Nitrate Using CMPO
SFE of uranyl nitrate was carried out with CMPO in various co-solvents having a wide range of dielectric constants. Uranyl nitrate crystals (typically 100 mg) were loaded on to a 1 mL extraction vessel and Sc-CO 2 was allowed to pass through the vessel at a pressure of 300 bar and at 45˚C; about 3 wt% CMPO dissolved in a cosolvent was employed along with Sc-CO 2 . The extract was collected in isopropanol medium and was subsequently evaporated under a heat lamp and the dried sample containing uranium was recovered by sonication with dilute HNO 3 (0.01 N) for its assay.
In some studies, the uranium-CMPO complex was prepared and its extraction behaviour was compared with in-situ SFE complexation method. Appropriate amounts of uranyl nitrate (1 mmol) were dissolved in 1 N HNO 3 medium and mixed with a solution of CMPO (2 mmol) dissolved in n-hexane. The solution mixture was shaken for about 30 minutes and the organic phase containing the complex UO 2 (NO 3 ) 2 -2CMPO was used for the SFE studies. The complex was subjected to various SFE studies.
Assay of U and Th extracts: The assay of uranium/thorium was carried out using reversed phase HPLC technique with C 18 column as the stationary phase and α-hydroxyisobutyric acid (α-HIBA, 0.1 M, pH: 3.2) as the mobile phase [19] . The eluate from the HPLC column was mixed with post-column reagent, Arsenazo (III) and the metal complex was monitored at 655 nm. The remains (un-extract) of the uranyl/thorium nitrate in the extraction vessel were washed, collected in 0.01 N HNO 3 and analyzed for uranium content.
Results and Discussions
SFE of Uranium Thorium Nitrates Using Phosphonates
The metal nitrates, uranium/thorium when subjected to SFE using Sc-CO 2 modified with a co-solvent methanol resulted in their complete extraction (~99%). The addition of a polar co-solvent to Sc-CO 2 phase increases the polarity of the Sc-CO 2 medium, which helps in solubilising the metal nitrates into this medium. Under these conditions, the metal nitrates were extracted together.
The extractants, dibutylbutyl phosphonate (DBBP) as well as diamylamyl phosphonate (DAAP) were dissolved in methanol (co-solvent) and employed along with Sc-CO 2 for the extraction of uranium and thorium nitrates. Use of these ligands in methanol as a co-solvent with Sc-CO 2 resulted in the complete extraction of uranium and thorium nitrates in less than 30 minutes; however both U and Th were extracted together without fractionation. Introduction of n-hexane as a co-solvent containing these phosphonates into Sc-CO 2 stream has modified the extraction behaviour; the extraction became slow and also resulted in some fractionation between uranium and thorium. In case of DBBP, the extraction efficiency was found to be about 52% and 31% for uranium and thorium respectively whereas with DAAP, it was 86% and 78% for U and Th respectively. Total extraction period employed was ~7 hours (Figure 1) . The longer chain DAAP is better extractant (with 15 carbons) for uranium and thorium than DBBP (12 carbons) when employed in the supercritical CO 2 medium. The DAAP is less polar than DBBP and hence it may be possible that the corresponding metal complex can get solubilized and extracted better in non-polar carbon dioxide medium.
The SFE behaviour of metal nitrates in Sc-CO 2 medium containing DBHeP and DAHeP in n-hexane as a cosolvent is shown in Figure 2 . DAHeP with higher carbon content exhibits better extraction efficiency compared to DBHeP.
The extraction of metal nitrates with di-isoamylalkyl phosphonates is shown in Figure 3 . An increase in the alkyl chain length favours the extraction of both U and Th and this could be due to the formation of more hydrophobic complexes with higher phosphonates, which are relatively more soluble in Sc-CO 2 medium. Further studies are required to understand the relative solubilities of these metal species in Sc-CO 2 medium. The extraction efficiencies on SFE of metal nitrates with various phosphonates are summarized in Table 1 . 
SFE with Trialkyl Phosphates
SFE of metal nitrates was carried out initially using Sc-CO 2 modified with TBP/TsBP using methanol as a co-solvent. Complete extraction of uranium and thorium nitrates was observed in less than 30 minutes. In fact in the first 15 min period, about 90% of both uranium and thorium nitrates were extracted (Figure 4) . SFE of uranium and thorium nitrates using Sc-CO 2 modified with di-isoamylalkyl phsophonates in n-hexane (3 wt% diisoamylalkyl phsophonates in n-hexane). Expl.: P: 300 bar; Temp.: 45˚C; Sc-CO 2 flow rate: 2.5 mL/min; co-solvent flow rate: 0.1 mL/min. Sc-CO 2 modified with TBP in n-hexane/dichloromethane as co-solvent medium was subsequently investigated to study the role of co-solvent on the extraction behaviour; extraction kinetics became sluggish in the presence of these co-solvents. When co-solvents, dichloromethane as well as n-hexane were employed, about 80% of the extraction was obtained only after 6 hours. However, in these experiments, some preferential extraction of uranium over thorium was observed in the initial period of the extraction and with increasing extraction period, uranium and thorium were extracted together. Thus the polar co-solvent, methanol provides faster extraction without fractionation whereas the non-polar solvents, n-hexane/dichloromethane provided marginal fractionation of metal nitrates though the extraction kinetics was slower. These results indicated that co-solvents play an important role in the extraction/fractionation of metal nitrates.
Similarly, the extraction of uranium and thorium nitrates was examined using Sc-CO 2 containing TsBP in n-hexane medium. About 50% -60% of U and Th were extracted when a co-solvent of 3 wt% TsBP in n-hexane was used (Figure 5) . The influence of TsBP concentration in Sc-CO 2 medium was also studied for studying the fractionation behaviour; however, the extraction rate was very slow when TsBP concentration in the co-solvent medium was kept at 0.1 to 0.5 wt% in n-hexane.
The extraction behaviour of metal nitrates was also examined without a co-solvent in some experiments [15] . In these experiments, solid uranyl nitrate and thorium nitrate mixtures were taken in a 1 mL extraction vessel and connected in a downstream of 10 mL ligand delivery vessel containing the ligand, TBP or TsBP. In these experiments, Sc-CO 2 was allowed to pass through the ligand delivery vessel first and the resultant modified CO 2 stream was passed through the extraction vessel containing uranium and thorium nitrates. The extraction efficiency after 5 hr period with TBP was 73% -79% for uranium and 71% -72% for thorium; with TsBP, the extraction efficiency after 2 1/2 hr period was 55% -58% and 50% -55% for uranium and thorium respectively. No significant fractionation of uranium over thorium was observed even in these experiments. The distribution coefficients of uranium and thorium with TBP and TsBP were earlier measured under solvent extraction conditions from our laboratory [20] . The D value of uranium (tracer) for 1.1 M solutions of TBP and TsBP from 3 M nitric acid at 303 K is 24.5 and 37.6 respectively. The D values for thorium under identical conditions with TBP and TsBP are 2.9 and 0.45. The separation factors for uranium and thorium with TBP and TsBP are 8.4 and 83.5 respectively. TBP offers lower separation factor than TsBP-because of the branching of substituents in TsBP cause trisolvated thorium to be less stable and hence aids in the preferential extraction of uranium over thorium. Figure 5 shows the extraction efficiency observed during SFE of U and Th with TsBP; the relative extraction efficiency is almost identical though there was some fractionation. Even when acid solvates of TBP/TsBP were used with Sc-CO 2 , the relative extraction of uranium and thorium was not significantly different. Thus the mechanism operating under the SFE conditions may not be similar to the solvent extraction conditions and further studies are required to understand the mechanism of extraction and the relatively poor fractionation of uranium over thorium
SFE of Uranium Thorium Nitrates Using Tri-n-octyl Phosphine Oxide (TOPO) in n-Hexane
Sc-CO 2 modified with TOPO in the presence of n-hexane as a co-solvent was employed for the extraction of uranium and thorium nitrates. Use of TOPO resulted in the co-extraction of thorium with uranium, right from the initial phase of extraction. The extraction ability of the organophosphorus extractant depends on the basicity of the phosphoryl oxygen atom and the nature of the substituents attached to the phosphorous atom. The basicity on the phosphoryl oxygen in the neutral organophosphorus extractant series is found to increase in the order, phosphates < phosphonates < phosphinates < phosphine oxides. Use of stronger extractant like TOPO resulted in the co-extraction of uranium and thorium with no selectivity irrespective of the polarity of the co-solvent employed. Even with a strong complexing ligand like TOPO, the extraction of metal nitrate was very slow when n-hexane was added as a co-solvent to the Sc-CO 2 stream (Figure 6 ). Figure 5 . (a) SFE of uranium and thorium nitrates using Sc-CO 2 modified TsBP (3 wt%) using n-hexane as a co-solvent. Expl.: P: 300 bar; Temp.: 45˚C; Sc-CO 2 flow rate: 2.5 mL/min; co-solvent flow rate: 0.1 mL/min; (b) SFE of uranium and thorium nitrates using Sc-CO 2 containing TsBP in n-hexane medium. Expl.: P: 300 bar; Temp.: 45˚C; Sc-CO 2 flow rate: 2.5 mL/min; co-solvent flow rate: 0.1 mL/min.
SFE of Uranyl Nitrate with CMPO in the Presence of Various Co-Solvents
To study the role of dielectric constant of the co-solvent in the extraction process, SFE of neat uranium nitrate was carried out with CMPO in various co-solvents. The dielectric constant of the co-solvents used was ranging from 2 -33. Use of polar co-solvents such as methanol and isopropanol in Sc-CO 2 medium resulted in the complete extraction of uranyl nitrate; the extraction efficiency was drastically reduced when non-polar co-solvents e.g. hexane were employed. The presence of polar nitrate moieties and six water molecules in the uranyl nitrate hexahydrate demands polar medium (e.g. methanol, isopropanol) for solubilising the metal nitrates into the Sc-CO 2 medium containing CMPO. The formation of metal solvate depends on the dielectric constant of the medium ( Table 2 ). The polarity of the solvent increases with the dielectric constant of the medium, leading to 6 . SFE of uranium and thorium nitrates using Sc-CO 2 modified with TOPO in n-hexane (3 wt% TOPO in n-hexane). Expl.: P: 300 bar; Temp.: 45˚C; Sc-CO 2 flow rate: 2.5 mL/min; co-solvent flow rate: 0.1 mL/min. charge stabilization and solvation in CO 2 medium. Use of Sc-CO 2 containing CMPO in the presence of co-solvent e.g. hexane has resulted in poor extraction of metal nitrate (<1%) and extraction of uranium was better with increase in dielectric constant of the medium. Thus extraction efficiency of uranium increases when dielectric constant of the medium was raised from 2 to 18. Experiments were also performed by preparing the UO 2 (NO 3 ) 2 ·2CMPO complex followed by its SFE with Sc-CO 2 in order to understand in-situ SFE complexation against SFE with pre-prepared metal complex. The CMPO metal complex was spiked on a cellulose matrix and subjected to SFE using neat Sc-CO 2 as well as Sc-CO 2 modified with n-hexane/methanol as co-solvents. The results are shown in Table 3 . About 80% -90% extraction was observed with neat Sc-CO 2 as well as Sc-CO 2 with n-hexane as the co-solvent whereas complete extraction was observed in the presence of Sc-CO 2 with methanol as a co-solvent. These studies have established that once the complex (metal solvate) is formed, presence of hexane in the supercritical medium did not prevent extraction of uranium-CMPO solvate unlike the earlier case where in-situ complexation (CMPO in hexane mixed with Sc-CO 2 followed by passing the stream through uranyl nitrate) is essential for the extraction of uranyl nitrate.
Introduction of ligand with n-hexane as a co-solvent into the Sc-CO 2 medium generally slows down the extraction of metal nitrates. Marginal fractionation of metal nitrates was observed with phosphonates and phosphates when introduced into Sc-CO 2 stream using co-solvents which have lower dielectric constant. Use of bulkier ligands e.g. CMPO with n-hexane as the co-solvent in Sc-CO 2 medium has severely reduced the extraction Table 3 . Extraction efficiency of uranium-CMPO complex in Sc-CO 2 medium (Uranyl nitrate -CMPO complex prepared externally and loaded on to a cellulose matrix followed by SFE). of metal nitrates. Further studies on the relative solubilities of metal complexes in Sc-CO 2 medium in the presence of co-solvents will pave way for development of better separation procedures.
Conclusion
Sc-CO 2 modified with various organophosphorous compounds was investigated for the extraction of uranium and thorium nitrates. Complete extraction of metal nitrates of both uranium and thorium was observed when the organophosphorous ligand was introduced using a polar co-solvent, e.g. methanol into the Sc-CO 2 medium. Addition of methanol into Sc-CO 2 phase helps in improving the solubility of the metal complex in carbon dioxide medium through solvation; the complexes of uranium and thorium with organophosphorous compounds are more soluble in Sc-CO 2 medium in the presence of solvents with high dielectric constant (>20) than that with solvents of low dielectric constant (2 -10), e.g. n-hexane. Thus the extraction efficiency as well as fractionation is dependent on the nature of co-solvent employed with the Sc-CO 2 phase. These studies have established that co-solvent plays a major role in extraction and fractionation of the metal ions and our studies have demonstrated that n-hexane as co-solvent was better in general compared to methanol for fractionation of metal ions using modified Sc-CO 2 .
